The early Eocene (~55 Ma) is the warmest period, and most likely characterized by the highest atmospheric 1 CO2 concentrations, of the Cenozoic era. Here, we analyze simulations of the early Eocene performed with the IPSL-2 CM5A2 coupled climate model set up with paleogeographic reconstructions of this period from the DeepMIP project, 3 with different levels of atmospheric CO2, and compare them with simulations of the modern conditions. This allows 4 us to explore the changes of the ocean circulation and the resulting ocean meridional heat transport. At a CO2 level of 5 840 ppm, the Early Eocene simulation is characterized by a strong abyssal overturning circulation in the Southern 6 Hemisphere (40 Sv at 60ºS), fed by deep water formation in the three sectors of the Southern Ocean. Deep convection 7 in the Southern Ocean is favored by the closed Drake and Tasmanian passages, which provide western boundaries for 8 the build-up of strong subpolar gyres in the Weddell and Ross seas, in the middle of which convection develops. The 9 strong overturning circulation, associated with the subpolar gyres, sustains the poleward advection of saline 10 subtropical water to the convective region in the Southern Ocean, maintaining deep-water formation. This salt-11 advection feedback mechanism works similarly in the present-day North Atlantic overturning circulation. The strong 12 abyssal overturning circulation in the 55 Ma simulations primarily results in an enhanced poleward ocean heat 13 transport by 0.3-0.7 PW in the Southern Hemisphere compared to modern conditions, reaching 1.7 PW southward at 14 20°S, and contributing to maintain the Southern Ocean and Antarctica warm in the Eocene. Simulations with different 15 atmospheric CO2 levels show that the ocean circulation and heat transport are relatively insensitive to CO2-doubling.
Introduction

18
Proxy-based temperature reconstructions suggest that the early Eocene (55-50 Ma) was one of the warmest intervals 19 in the geological history and the warmest of the Cenozoic (Zachos et al., 2001; Cramer et al., 2011; Dunkley Jones et 20 al., 2013) . More specifically, the EECO (Early Eocene Climatic Optimum) occurred 51-53 Ma, but shorter (less than reached a quasi-equilibrated state and trends in deep ocean temperatures over the final 1000 years of all simulations 158 are smaller than 0.05°C/century.
159
We use the monthly outputs of the last 100 years of each simulation to create a climatological year for each simulation.
160
In the following, we will mostly focus on the comparison between the baseline Early Eocene simulation 161 and the PI control simulation . The other simulations are analyzed in Section 3 to estimate the contribution of 162 tidal mixing to the oceanic overturning circulation, and in Section 6 to examine the sensitivity of the ocean conditions 163 to different levels of CO2 in the atmosphere. The mean state and the seasonal variation of ocean temperature in the 55 Ma simulations are examined. Further, we 166 evaluate the ability of IPSL-CM5A2 to reasonably simulate the early Eocene sea surface temperature (SST).
167
The annual mean SST in the 55 Ma-3x simulation varies from 10-15°C in the Southern Ocean, to 37.2°C near the 168 Equator ( Fig. 2A) , with a global mean of 27.5°C. During summer (defined as July-August-September for the Northern
169
Hemisphere and January-February-March for the Southern Hemisphere), the simulated SST reaches ~20°C over most 170 of Southern Ocean (south of 60°S), and up to 38°C in parts of equatorial Indian and Atlantic oceans ( Fig. 2A ). In the 171 55 Ma-1.5x simulation, both SST and global mean temperature are ~5°C lower than in the 55 Ma-3x simulation ( Table   172 1).
173
These simulated SSTs are further compared with proxy-based SST estimates for the early Eocene provided by a recent 174 data compilation performed within the DeepMIP framework (Hollis et al., 2019) . The dataset includes 32 records in 175 total, from 4 proxy types (TEX 86 , δ 18 O, Mg/Ca and Clumped Isotope data). The spatial pattern of the model SST is 176 overall consistent with the proxy based SST, although significant differences can be seen for some specific proxy data 177 point ( Fig. 2A and S2A ). More details on the model-proxy comparison can be found in Supplementary Material.
178
In order to further compare the simulations with the proxy-based reconstructions, we also calculate the root-mean-179 square deviations (RMSD) between the simulated SST and the reconstructions (Table 2) . Although large, the RMSD 180 values are overall of the same order of magnitude as the uncertainty of proxy-based SST estimates, suggesting a 181 reasonable model-data consistency. More importantly, the RMSD values are smaller for the 55 Ma-3x simulation than 182 for the 55 Ma-1.5x simulation, suggesting that the 55 Ma-3x simulation captures better the signal of proxy-based SST 183 reconstructions. This is also consistent with proxy reconstructions suggesting that the CO2 atmospheric concentrations 184 during the early Eocene were most likely three to four times the PI level (Foster et al., 2017) .
185
The zonal mean SSTs in the 55 Ma-3x simulation range from 30°C to 37°C in the tropics and decreases toward the 186 high latitudes (Fig. 2B ). Within the 40°S-40°N latitudinal band, the summer SSTs remain above 30°C. Around 60-187 70°S the annual mean SSTs are ~13°C with a seasonal amplitude of 10 to 15°C. Those zonal mean SSTs are overall 188 ~10°C warmer than in PI-1x simulation, with the largest differences of 12°C found in the Southern Ocean (Fig. 2B ).
189
The warm SSTs found in the Southern Ocean in the 55 Ma simulations also extend at depth (Fig. 2C) , with a mean 190 global temperature of 11.3°C in the 55 Ma-3x run, compared to 3.3°C in PI-1x (Table 1) 
200
The global MOC is represented through the vertical streamfunction ψ computed from the zonally-integrated 201 meridional volume transport as:
where v is the meridional velocity, z is the vertical coordinate, H is the ocean depth, x is the zonal coordinate 204 integrated from West (W) to East (E) boundary.
205
In 
212
In contrast to the 55 Ma-3x run, the MOC in the PI-1x simulation is composed of the traditional upper and lower cells.
213
The upper cell is clockwise and associated with the AMOC, with a maximum strength of 11- 
222
The 55 Ma simulated deep-water formation in the Southern Ocean is compatible with currently available proxy-based 223 reconstructions of the MOC. Although proxy data constraining the ocean circulation are very limited for the early Eocene, these data seem to point to a common deep-water source around the Austral Ocean during that period (Abbott et al., 2016; Batenburg et al., 2018; Frank, 2002; Thomas et al., 2003 Thomas et al., , 2014 
225
231
Therefore, these proxy data and the simulated ocean circulation are compatible, at least on the direction of the deep 232 circulation and the source of the deep water masses.
233
Convection and deep-water formation
234
The abyssal circulation described in Section 3.1 is fed by deep convection processes that mainly occur in winter. We 235 examine the simulated Mixed Layer Depth (MLD) at the end of the winter season ( Fig. 4) , which is an efficient 
250
In 55 
264
Two major causes may explain these large differences in salinity between the two regions: 
312
In addition to the influence of the different gateways, tidally-induced mixing, which represents the enhanced vertical 313 diffusivity resulting from the breaking internal waves generated by the interaction of tidal currents with rough bottom 314 topography (St. Laurent et al., 2002) , is another factor that contributes to the strong SOMOC found in the 55 Ma-3x 315 simulation. A twin experiment of the 55 Ma-3x simulation, in which no tidal-induced mixing is prescribed (55 Ma-316 3x-noM2), simulates a SOMOC with a similar structure but an intensity that is 7 Sv weaker (33 Sv, compared to 40 317 Sv in the reference 55 Ma-3x simulation, Fig. S4 ). It should be noted that the additional simulation has only been run 318 for 2000 years, so that a small part of the difference between the two runs could arise from different equilibrated states.
319
Yet, the difference between these two simulations is consistent with the recent results of Weber and Thomas (2017) (2013), the Eocene MOC may be much more sensitive to the intensity of the abyssal 327 mixing than the present day AMOC, that is largely isolated from the ocean floor by the presence of AABW and 328 sustained quasi-adiabatically by the wind-driven upwelling in the Antarctic Circumpolar Current (ACC; Marshall and Ocean, and these dense waters are directly exposed to the tidally-induced mixing at the bottom, such that the abyssal 331 dissipation becomes the main controlling factor of the SOMOC intensity. In this respect, the large tidal dissipation 332 rate suggested by Green and Huber (2013) in the Pacific is particularly important.
333
Another often-mentioned factor affecting ocean circulation is the climate state, in response to the atmospheric CO2.
334
Based on highly simplified models, theoretical studies have suggested that ocean ventilation tends to increase under a 335 warmer climate state due to a higher seawater density sensitivity to temperature (e.g. de Boer et al., 2007) . However,
336
the deepwater formation is a very regional phenomenon and thus this idealized relation might be complicated by other 337 regional scale factors. Indeed, we did not see any systematic change in SOMOC between two CO2 levels (1.5x and 338 3x) simulations (see Section 6 for further discussion). 
387
The more symmetrical pattern of wind stress at the ocean surface in the 55 Ma-3x simulation (compared to PI-1x) is 388 found in the zonal wind fields from the surface to 500 hPa in the atmosphere (Fig. 6D) . The zonal wind strength is 389 largely determined by the meridional temperature gradient in the atmosphere through the thermal wind relation 390 (Holton and Staley, 1973) . Indeed, the meridional temperature gradient in the 55 Ma-3x run (compared to PI-1x) is 391 much reduced in the Southern Hemisphere south of 40°S in a large part of the air column, from the surface up to at 392 least 500 hPa, in good agreement with the weaker westerly winds found in the 55 Ma-3x run (Fig. 6D) . Moreover, the 393 positions of Australia, Africa, and South America, all much more south during the Eocene than now, result in a 394 blocking effect on the zonal winds, reducing the wind at 500 hPa by a maximum of 18% at 40°S. In the Northern
395
Hemisphere, the meridional temperature gradient in the 55 Ma-3x run is reduced at the surface only north of 60°N,
396
and similar to the PI-1x run at 500 hPa, whereas the zonal winds are slightly stronger at 55 Ma throughout the air column. At the surface, the maximum zonal wind stress are 19% stronger and shifted poleward by 2°, mainly due to 398 land-sea distribution.
399
Changes in the ocean gyres circulation between 55 Ma and PI configurations are mostly due to the large changes in 
412
The total meridional OHT at a given latitude y is defined as the sum of advective and diffusive contributions:
where ρ 0 is the seawater density, C p is the specific heat capacity of sea water, v is the meridional velocity, θ is the 415 potential temperature, KH is the horizontal diffusivity coefficient, H is the ocean depth. Here the computation is 416 performed from the model output at each model time step. For the 55 Ma simulation, there is a significant OHT 417 increase in the Southern Hemisphere compared to PI simulations, but a decrease in the Northern Hemisphere (Fig. 7) .
418
As a result, the simulated OHT in the 55 Ma-3x experiment is remarkably asymmetric between hemispheres. The 419 mean OHT difference between the 55 Ma-3x and PI-1x simulations is of the order of 0.2 PW (1 PW = 10 15 Watt), 420 peaking at 0.5 PW around 35°S. The 55 Ma-3x OHT reaches a maximum of 1.7 PW at 15-20°S, that is ~0.3 PW 421 larger than in the PI simulations at the same latitude, but also ~0.5 PW larger than the maximum PI value in the 422 Northern Hemisphere. This larger OHT in the Southern Ocean contributes to maintain the Southern Hemisphere 423 particularly warm in the Eocene, especially south of 50°S, as can be seen on the SST distribution (Fig. 2) .
424
Previous studies have examined the role of OHT during the Eocene with a particular focus on the response of the OHT 425 to the opening of Southern Ocean gateways in either true Eocene paleogeography or more idealized modern 426 configurations. The OHT simulated by our 55 Ma-3x experiment lies within the range of values found in the literature.
balanced atmospheric model, Nong et al. (2000) found that closing the Drake Passage in a modern configuration 429 results in a stronger SOMOC (24 vs 12 Sv), associated with an increased poleward OHT in the Southern Hemisphere In order to understand the differences in OHT among our simulations (Fig. 7A) , we further split up the OHT into an 452 advective contribution (OHTadv) and a diffusive contribution, corresponding respectively to the first and second term 453 on the RHS of Eq. 2 ( Fig. 7B and 7C 
456
are mainly due to differences in the advective components, the differences in diffusive OHT being rather small.
457
The advective OHTadv can be decomposed further into an overturning (OHTMOC) and a gyre (OHTgyre) component, 
545
The OHT response to a doubling of CO2 in the Eocene simulations is also rather small, with a slight decrease, in 546 contrast to the OHT increase seen in the PI simulations (although the magnitude of the change is smaller; Fig. 9A ).
547
The OHT in the 55 Ma-3x simulation is about 0.15 PW smaller than in 55 Ma-1.5x simulation over most of latitudes.
548
Both overturning and horizontal components contribute to this overall smaller OHT in the 55 Ma-3x simulation ( Fig.   549 9D, 9E). A weak OHT in the tropics is due to weaker MOC at the same latitudes, while a weak OHT at high-latitude 550 can be attributed to the small amplitude of horizontal gyres. For the PI simulations, the OHT in the PI-2x simulation 551 is ~0.1 PW larger than in PI-1x at high latitudes. This larger OHT in PI-2x is mostly due to the gyre component, which 552 is in good agreement with the ~5 Sv stronger North Atlantic subpolar gyre and almost no change in the AMOC for 553 instance.
554
Our results therefore support a stable, yet rather small, response of global ocean circulation and heat transport to the 555 doubling of atmospheric CO2 levels. Nevertheless, we only investigate a limited range of CO2 levels (from 1.5x to 3x) 556 and cannot exclude that the sensitivity of ocean circulation to CO2 concentrations may change at more extreme CO2 557 levels, as the response of the ocean conditions is highly non-linear (Lunt et al., 2010) . Given that the levels of CO2 in 
586
The vigorous SOMOC simulated for the Eocene is associated with a larger poleward heat transport (by a maximum 587 of 0.5 PW relative to PI) in the Southern Hemisphere, that largely contributes to maintain a warm Southern Ocean and 588 Antarctica. Perturbation experiments have been conducted in present-day coupled models to evaluate the impact of an 589 AMOC shutdown. In their model, Vellinga and Wood (2008) found that a 10 Sv reduction in AMOC, associated with 590 a change of its structure, leads to a 1.7°C cooling of the Northern Hemisphere, with a local stronger cooling by 5°C 15 Sv) simulations, integrated northward from Antarctica. Note the different colorbars of the two subplots. The black thick lines indicate the zero-contour. The mean transport (in Sv) integrated over the top 300m is indicated with vectors (note that only one every two point is plotted to increase the readability). Two scales are used to represent transport larger (in red) or lower (in green) than 0.5 Sv. The transports through the key gateways in the 55 Ma-3x simulation are respectively: Drake Passage 3.1 Sv, Tasmania 1.3 Sv, Panama 4.7 Sv, Gibraltar -14.3 Sv (positive transports are eastward, negative westward). The Drake Passage throughflow, corresponding to ACC, in the PI-1X simulation is ~108 Sv.
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